Abstract
Epitaxial strain, imparted by an underlying substrate, is a powerful pathway to drive phase transitions and dramatically alter properties in oxide heterostructures, enabling the emergence of new ground states and the enhancement of ferroelectricity, piezoelectricity, superconductivity and ferromagnetism. However, the limitation of commercially available single-crystal substrates and the lack of continuous strain tunability preclude the ability to take full advantage of strain engineering for further exploring novel properties and exhaustively studying fundamental physics in complex oxides. Here we report an approach for imposing continuously tunable, large epitaxial strain in oxide heterostructures beyond substrate limitations by inserting an interface layer through tailoring its gradual strain relaxation. Taking BiFeO3 as a model system, we demonstrate that the introduction of an ultrathin interface layer allows the creation of a desired strain that can induce phase transition and stabilize a new metastable supertetragonal phase as well as morphotropic phase boundaries overcoming substrate limitations. Furthermore, continuously tunable strain from tension to compression can be generated by precisely adjusting the thickness of the interface layer, leading to the first achievement of continuous O-R-T phase transition in BiFeO3 on a single substrate.
This proposed route could be extended to other oxide heterostructures, providing a platform for creating exotic phases and emergent phenomena.
Strong coupling and complex interplay between strain and spin, charge, orbital and lattice degrees of freedom provide a fertile new ground for creating exotic phases and realizing novel functionalities in complex oxide thin films and heterostructures [1] [2] [3] [4] [5] [6] [7] [8] . This has enabled epitaxial strain as a powerful tool for the creation of new ground states (associated with phase transitions) [9] [10] [11] [12] [13] , the improvement of catalytic activity [14] [15] [16] , and the manipulation of electric and magnetic properties [17] [18] [19] [20] [21] [22] [23] [24] Using pulsed laser deposition (PLD), we grew a series of epitaxial BFO thin films and BFO/CCMO heterostructures on (001) LAO, (001) LSAT, (001) STO and (110) NSO substrates. Typical x-ray −2 scans of 14 nm-thick BFO films grown on these bare substrates illustrate the epitaxial growth of BFO and the creation of T phase on LAO, R phase on LSAT and STO, and O phase on NSO (Fig. 1c) . These results are consistent with previous theoretical and experimental studies 9, 49, 50, 56, 57 . Interestingly, the insertion of a 27 nm-thick CCMO layer (the atomically flat morphology of CCMO is shown in Fig. S1 ) between substrates and BFO films allows us to stabilize the metastable T phase on all these substrates from compression to tension (Fig. 1d) , demonstrating the ability to impose epitaxial strain beyond substrate limitations. Here we infer that the strain relaxation of CCMO leads to the creation of large compressive strain that enables the stability of T phase. . Furthermore, the one unit-cell in height terraces (Fig. 2a) indicate the formation of pure T phase in 7 nm-thick BFO on STO, whereas bright contrast matrix and dark contrast stripes in 25 nm-thick film (Fig. 2b) suggest the emergence of the R phase that coexists with the T phase due to relaxation of the epitaxial strain with increased thickness. Further strain relaxation in thicker film (50 nm) results in further increase of fraction of R phase (Fig. 2c) . The distinct thickness-dependent phase evolution is observed on NSO (Fig. 2d-f) and LSAT (Fig. S2) substrates as well. It is worth to mention that here we first time report the achievement of R and T mixed phase and R/T morphotropic phase boundary on LSAT, STO and NSO substrates. These observations are additional evidences for the epitaxial strain induced T phase beyond substrate limitations, in agreement with our XRD data (Fig. 1d) . The interface CCMO layer not only provides the ability to obtain desired strains but can also serve as a bottom electrode that enables the study of the ferroelectric switching behavior of BFO under electric field. A 50 nm-thick BFO sample with T and R mixed phase on STO substrate is probed using AFM and piezoresponse force microscopy (PFM). AFM images (Fig. 3 a-c) and the corresponding out-of-plane PFM images ( Fig.   3 d-f) demonstrate the reversible control of both the R-T phase transition and the ferroelectric polarization switching under electric field. These results can also be produced in samples grown on LSAT and NSO substrates (Fig. S3) , which again confirmed the creation of T/R mixed phase and morphotropic phase boundary using this proposed route overcoming substrate limitations. Moreover, the single peak feature shown in BFO (103) and (113) RSM reflections ( Fig. 4c and 4d ) reveals the realization of true T phase (not MC phase) BFO via this proposed method. Although the nearly tetragonal phase on LAO 58 and YSZ 59 substrates by biaxial strain and true T phase on LAO by chemical doping 49 or uniaxial strain [37] [38] [39] have been reported, here we obtain true T phase BFO using biaxial strain. RSM data of 50 nm-thick BFO on STO, NSO and LSAT (as shown in Fig S4, Fig S5 and Fig S6, respectively) further demonstrate the coexistence of R and T-like phases in agreement with AFM measurements (Fig. 2c, f and Fig. S2c ) and illustrate that this T-like structure is MC phase which exhibits three-fold splits along (103) and two-fold splits along (113).
Origin of imposing
The (103) RSM scans (Fig. S4b, Fig. S5b and Fig S6b) of BFO/CCMO heterostructures on STO, NSO and LSAT substrates also present the full strain relaxation of CCMO, giving rise to generate large compressive strain in BFO to obtain T phase. To gain further understanding of the atomic structure of these strained heterostructures, we performed annular dark-field scanning transmission electron microscopy (ADF-STEM) studies on the BFO (~ 7 nm)/CCMO (~ 27 nm)/STO sample.
The dark field cross-sectional STEM image (Fig. 5a) demonstrates the high quality, (Fig. 5b) . Highresolution STEM images also reveal the abrupt interfaces of BFO/CCMO (Fig. 5b) and CCMO/STO (Fig. 5c ). Continuous strain tunability. From the combination of terraced morphology (Fig. 2a) , RSM studies (Fig. 4) and STEM results (Fig. 5) , we conclude that large epitaxial strain can be imparted to induce phase transition and stabilize super-tetragonal BFO phase beyond substrate limitations. Next, we turn to study the possibility of continuously tuning the epitaxial strain. We therefore explored decreasing the thickness of CCMO 
